A portable cordless incubator was developed for on-site visual diagnosis of parapoxvirus infection on farms and in areas with no electricity or laboratory equipment. The battery-powered thermoregulator can maintain a stable temperature for more than 1 h. The incubator successfully amplified parapoxvirus DNA isolated from sheep and wild Japanese serows (Capricornis crispus) by loop-mediated isothermal amplification (LAMP). Although different absorbance values were obtained for the LAMP reactions performed using the same sample on the incubator and the turbidimeter, visual assessments of whether the results were positive or negative were the same irrespective of the platform used to perform the LAMP reaction. Consequently, using the portable cordless incubator in conjunction with the LAMP assay is considered to be a powerful tool for on-site visual diagnosis of parapoxvirus infection on farms with no electricity.
Introduction
Parapoxviruses in the family Poxviridae cause mild papular lesions around the mouth, teats, and on the skin of ruminants. Clinical signs typically manifest as papular stomatitis and pseudocowpox in cattle, and contagious pustular dermatitis (also referred to as scabby mouth, contagious ecthyma, and orf) in sheep and goats. Parapoxvirus infections in ruminants are widespread globally, 1 occurring in both captive and free-ranging marine mammals, such as seals, 2 sea lions 2 and dolphins, 3 in which they cause skin lesions that are similar to those in terrestrial mammals. Importantly, parapoxvirus infections can be transmitted from infected animals and virus-contaminated materials to humans, causing papules/nodules on the fingers and hands. 1, 4 Consequently, parapoxvirus infections are considered to be zoonotic occupational diseases of workers on farms, abattoirs, zoos and aquariums, and veterinarians.
Although the clinical signs of parapoxvirus infection in ruminants typically differ from those associated with foot-and-mouth disease (FMD), in severe cases, ruptured papular/nodular lesions in the oral cavity, tongue, and gingiva are indistinguishable from FMD lesions such as ruptured vesicles. 5, 6 FMD, which is caused by the FMD virus, is a highly infectious transboundary disease of cloven-hoofed animals. The lesions of infected animals interfere with their ability to feed, stand or provide milk, resulting in loss of productivity. Given the relative similarity between the clinical signs of parapoxvirus infection and FMD, the ability to detect parapoxvirus DNA outdoors could be highly advantageous for rapid diagnosis of parapoxvirus infection and discrimination from FMD.
The loop-mediated isothermal amplification (LAMP) assay is one of several nucleic acid amplification methods. One of the unique hallmarks of the LAMP assay is that it can be performed under isothermal conditions. 7 As a result, the LAMP assay has been applied to the detection of various pathogens, including bacteria, viruses, parasites, and other organisms. 8, 9 For the LAMP reaction, a single constant temperature of between 60 to 65 C for 1 h is required for DNA amplification. Thus, provided that a heating device capable of such a thermal profile is available, then a parapoxvirus infection can be diagnosed by LAMP on farms. Although several small aluminum block-type incubators are commercially available, they all require electric power and are typically only used in laboratories or in places where electric power is available.
In this study, we developed a portable cordless incubator for on-site visual diagnosis of parapoxvirus infection without electric power. Incubator-portability and temperature-stability were examined, and three color reagents were compared for use in amplification reactions of parapoxvirus DNA by LAMP to facilitate visual diagnosis by the naked eye.
Experimental

Portable cordless incubator
A portable cordless incubator consisting of a battery, aluminum heat block and thermoregulator was developed. The incubator was designed to perform LAMP reactions using parapoxvirus DNA in order to obtain a visual diagnosis of parapoxvirus infection as described below. The ability of the incubator to maintain a constant temperature of 65 C was examined by measuring the temperatures in three different wells of the heat block for more than 1 h.
Viruses and DNA extraction
Six parapoxvirus strains isolated from sheep [10] [11] [12] and wild Japanese serows (Capricornis crispus) [13] [14] [15] were used in this study (Table 1 ). All parapoxviruses were propagated in primary fetal bovine muscle (FBM) cells or fetal lamb lung (FLL) cells. The FBM and FLL cells were kindly provided by Dr. K. Murakami (Iwate University, Japan) and Dr. H. Sentsui (Nihon University, Japan), respectively. Cells were maintained in Dulbecco's modified Eagle's minimum essential medium (DMEM, Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (PAA Laboratories, Pasching, Austria), 100 μg/mL streptomycin, and 100 units/mL penicillin (Life Technologies, Grand Island, NY). Template DNA for the LAMP assay was extracted from virus-infected cells or directly from the culture supernatant of infected cells using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA from FLL cells was used as a negative control.
LAMP assay
The LAMP assay procedure described by Tsai et al. 16 was used for the detection of the B2L gene of the orf virus, a member of the genus Parapoxvirus and a causative agent of contagious pustular dermatitis in sheep and goats and orf in humans. The following six LAMP primers were used: OV-F3 (5′-GCG CAG GGC AAC ATG A-3′), OV-B3 (5′-GCT CGT CAG CGT CCT T-3′), OV-FIP (5′-GTT GCA GCA GAA GCT GCA GAT GGC ACC CTC GAC TGC TTC AC-3′), OV-BIP (5′-GGA CAA GCT ATG CAC GCT CGC CTT GCT CTG CAC GTC CA-3′), OV-LF (5′-TTC TTC GCG GAC TCG GC-3′), and OV-LB (5′-TAA GGA GGG CGT CGA CGT CAC-3′). One microliter of viral DNA was added to 25 μL of a LAMP reaction mixture containing 0.2 μM (OV-F3 and B3), 1.6 μM (OV-FIP and BIP), and 0.8 μM (OV-LF and LB) primer, 1 × Reaction Mixture, and 8U of Bst DNA polymerase (Loopamp DNA Amplification Kit, Eiken Chemical, Tochigi, Japan). Three different color reagents were used for comparison as described in the Reagents section below. Before performing the LAMP reaction, the reaction mixture in each tube was covered with 1 drop of mineral oil (Promega, Madison, WI) to prevent evaporation. DNA was then amplified at 65 C for 1 h in the portable cordless incubator.
Reagents
To facilitate diagnosis by the naked eye, we compared three color reagents in the LAMP assay: Fluorescent Detection Reagent (FDR, LMP221, Eiken Chemical), 2-hydroxy-1-(2-hydroxy-4-sulfo-1-naphthylazo)-3,6-naphthalenedisulfonic acid, trisodium salt (hydroxy naphthol blue (HNB), Dojindo Laboratories, Kumamoto, Japan), and D-Quick, a tube-type DNA amplification checker (Kaneka, Osaka, Japan). FDR is recommended for the visual identification of amplified products in the instructions of the Loopamp DNA Amplification Kit (Eiken Chemical). One microliter of FDR was added to the LAMP reaction mixture according to the instructions. In addition to being used as a colorimetric indicator for the titration of calcium and magnesium ions, 17 HNB is also used as a colorimetric indicator for LAMP assays as it changes color after the DNA in a sample has been amplified. 18 Thus, instead of adding FDR, 1 μL of 3 mM HNB was added to the LAMP reaction mixture (final 120 μM HNB).
D-Quick tubes containing dried color reagent and reducing agent at the bottom of the tube were also used for visual identification of DNA amplification according to the manufacturer's instructions. As a control, LAMP reactions were performed under the same conditions in the laboratory using FDR and a Loopamp EXIA real-time turbidimeter (Teramecs, Kyoto, Japan). A master mix containing the LAMP reaction mixture and each DNA sample was then prepared and aliquoted into four tubes; two of the tubes were placed in the Loopamp EXIA real-time turbidimeter and the other two tubes were placed in the portable cordless incubator. To measure the turbidity of the reaction mixtures in the tubes after the LAMP reaction, 20 μL of the reaction mixture was diluted with 60 μL of distilled water (1:4 dilution) and the absorbance at 650 nm was measured using a microvolume cell with black walls (81-2103-69, GE Healthcare, Buckinghamshire, 
Results and Discussion
Portable cordless incubator
The portable cordless incubator developed in this study is shown in Fig. 1A . The battery charger of the incubator was removed after charging and the stability of the thermal profile was examined. As shown in Fig. 1B , the battery-powered incubator was capable of maintaining a stable temperature of 65 C for more than 1 h, indicating that temperature control was stable and that the incubator was potentially suitable for performing LAMP reactions.
Detection of parapoxvirus DNA and comparison of color reagents
DNAs from six parapoxvirus strains were successfully amplified using the portable cordless incubator (Fig. 2A) . Since the viruses used for the assay were isolated from sheep and wild Japanese serows from different regions and countries between the 1970s to the 2000s (Table 1) , [10] [11] [12] [13] [14] [15] it is considered that the incubator developed in this study, as well as the LAMP protocol described above, could be used to diagnose orf virus infection in sheep, goats, Japanese serows, and humans around the world. In a comparison of the three color reagents used as visual markers in reactions performed on the developed incubator and a Loopamp EXIA real-time turbidimeter, detectability by the naked eye was similar and determining whether the sample tested positive or negative was straightforward ( Fig. 2A) . Positive samples turned yellow with FDR, sky blue with HNB, and dark violet with D-Quick, whereas negative samples turned brown with FDR, violet with HNB, and colorless with D-Quick. Therefore, all three of the color reagents could be used for rapid visual diagnosis, with the criteria for selecting the most appropriate of these reagents based on the following. Investigators who already routinely perform LAMP assays for diagnostic tests in laboratories and who also want to use the developed incubator to perform LAMP assays for on-site visual diagnosis on farms without electricity would likely have FDR stored in freezers and would thus not need to prepare any new reagents. Alternately, HNB is the cheapest of the three reagents, which means that it would be the most cost-effective reagent to use for testing. On the other hand, D-quick can be stored and transported at room temperature and there is no need to incorporate a mixing step when preparing the reaction mixture.
Using FDR, the absorbance (turbidity) of the reaction mixture was measured at 650 nm after heating on the Loopamp EXIA real-time turbidimeter and the portable cordless incubator (Fig. 2B) . Although no direct correlation was observed between the results from the EXIA turbidimeter and the incubator, visual identification of the reaction result was very easy with the naked eye. Moreover, although the copy number of the viral DNA in the template was not determined, and despite the likelihood of a low copy number of viral DNA in some tubes (6 ng template DNA for NZ2 and GE strains to 90 ng DNA for Iwate strain in the assay), all of the viral DNA samples showed high absorbance values (turbidities) due to precipitation of the insoluble magnesium pyrophosphate produced in the course of the reaction. 19 In all cases, positive reactions (i.e. changes in absorbance or the reagent color observed by the naked eye) were distinct from negative reactions. These results suggest that visual assessment of the endpoint of the LAMP assay was a highly effective means of qualitative testing.
Unlike PCR protocols that employ profiles consisting of cycles of three different temperatures, DNA amplification by LAMP employs isothermal conditions of 60 -65 C for 30 min to 1 h. 7 Previous studies have reported using a disposable pocket-warmer as a heat source for LAMP assays of Bacillus anthracis 20 and the influenza A (H1N1) virus. 21 The portable cordless incubator developed in this study is more accurate than a disposable pocket-warmer because the heating block can be maintained at a constant temperature. The incubator is therefore considered to be well suited for screening for parapoxvirus infection by LAMP in the field. Moreover, the portable cordless incubator could be used for different LAMP assays in the field where electric power is not available, such as for genetic diagnosis of other infectious diseases, identification of microorganisms in environment, discrimination of embryo sex, detection of pathogens and toxins responsible for food poisoning, and in the detection of genetically modified organisms. 9 To increase the potential application of this on-site visual diagnostic system, developing a procedure for extracting DNA directly from lesions in a way that does not need electric power or laboratory equipment is required. In this study, we used LAMP primers designed in a previous study to detect orf virus DNA. 16 However, in addition to the orf virus, at least three other members of the genus Parapoxvirus infect domestic and wild animals, and humans. 1 Thus, the establishment of a simple procedure for DNA extraction outdoors and a universal LAMP assay for detecting all of the parapoxviruses are currently being investigated.
Conclusions
We successfully developed a portable cordless incubator that was used to perform LAMP in order to detect parapoxvirus DNA isolated from sheep and wild Japanese serows in the field. The portable cordless incubator is considered to be a powerful tool for on-site visual diagnosis, not only for parapoxvirus infection, but also for other infectious diseases in outdoor environments where electric power and laboratory equipment are not available.
